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ABSTRACT 

Tingting Yang: Microbial Community Dynamics of the Deepwater Horizon Oil spill 

(Under the direction of Andreas P. Teske) 

 

 The Deepwater horizon (DWH) oil spill released ~4.9 million (780,000 m3) barrels of 

crude oil into the Gulf of Mexico, causing the worst environmental disaster in U.S. history. Over 

50% of the released oil could not be recovered. The task of biodegradation, to recycle the huge 

amount of hydrocarbon back to inorganic carbon and into microbial biomass, fell to the bacterial 

communities of the water column and the seafloorï which consequently changed in response to 

the oil fallout. These compositional and functional changes of the bacterial community in 

different stages of the spill provide the main focus of my study. 

My PhD project includes time series observation of the oil contaminated water column as 

well as the sediment of the Gulf of Mexico. The crude oil from the riser pipe at the seafloor 

(~1500 m depth) formed a deep sea hydrocarbon plume, as well as huge amount of surface oil 

slick. An uncultured Oceanospirillales group and the polycyclic aromatic hydrocarbon (PAH) 

degrader Cycloclasticus were extremely dominant during the spill within the plume and the oil 

slick during the spill, respectively. After the wellhead was capped, the plume could not be 

detected; however, Cycloclasticus was continuously found in post-spill water. The surface oil 

slicks formed mucus rich oily marine snow aggregates via the activities of EPS producers such 

as Halomonas. Inside the aggregates several hydrocarbon degraders (i.e. Cycloclasticus) and 

heterotrophic bacteria such as Roseobacter bloomed. These oil snow aggregates sank and 
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eventually made their way to the seafloor, as sediments with oily surface layer has been 

recovered since September 2010. Bacterial dynamics within the oil contaminated sediment 

included the appearance of Roseobacter and Verrucomicrobiaceae in September 2010, increase 

of anaerobic sulfate-reducing bacteria and organic matter degrading Cytophaga in October 2010. 

The Planctomycetes increased from low clone library proportions in October 2010 towards 

higher representation in November 2010 and July 2011, one year after the oil spill.  Notably, 

Cycloclasticus was detected in the oil contaminated sediment from September to November 

2010, strongly supporting the hypothesis of precipitation of oily marine snow aggregates. 

Besides these molecular observations, novel species of oil-degrading bacteria and potential 

hydrocarbon and/or organic matter degraders were isolated or enriched from the water samples 

(plume and surface oil slick) as well as the seafloor sediments. This time series study reveals 

development of the oil-degrading community together with continuous movement of the release 

oil from the deep ocean and sea surface to the sediment, via precipitation of the oily snow 

particles, demonstrates the coincidence of the oil decomposition with its continuing microbial 

processing. 
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INTRODUCTION  

 

The Gulf of Mexico is a major oil reservoir in the United States, with its offshore oil 

production accounts for 17% of total US crude oil production (www. eia.gov). In total, the Gulf 

of Mexico has at least 22,000 detected natural seeps (http://1.usa.gov/1aKybyq), with estimated 

1500 and 3800 barrels of oil naturally released to the Gulf daily, or up to 604,150 liters every 

year (MacDonald, 1998). Advanced technology allowed deep sea drilling which bring bloom of 

economy at the risk of the ocean and coastal ecosystems. The nearest example is the Deepwater 

Horizon oil spill, the worst environmental disaster in US history. On April 20, 2010, high-

pressure gas escaped and was released on the drilling rig where it ignited and exploded. 11 

workers tragically lost their lives; the Deepwater Horizon drilling rig, located in the northern 

Gulf of Mexico (28º44. 12 N, 88º23.14 W) about 50 miles south east of the Mississippi Delta 

(Figure 1), burned and ultimately sank 2 days after the explosion. 

 

Figure 1. Location of the Deepwater Horizon spill wellhead. ~50 miles southeast of the Mississippi 

Delta. From (McNutt et al. 2011). 
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Through the broken riser pipe, 50000-70000 barrels of oil were released per day. It took 

87 days to stop the flow of oil from the wellhead; The estimated minimum rate of discharge was 

58000 barrels oil per day (MacDonald, 2010); total oil released into the Gulf of Mexico was 

about 4.9 million barrels as calculated by the National Incident Commandôs Flow Rate Technical 

Group (McNutt et al., 2011). Together with a large volume of crude oil, the spill released a huge 

amount of natural gas as well (Valentine et al., 2010, Joye et al., 2011, Reddy et al., 2012). 

Analysis of original discharge samples directly from the damaged riser pipe at ~ 1500 meter 

below the sea surface showed that the oil fraction contained 74% saturated hydrocarbons, 16% 

aromatic hydrocarbons, and 10% polar hydrocarbons; the C1-C5 hydrocarbon gases consisted of 

82.5% (~1.0 × 1011 g) methane, 8.3% (~1.9 × 1010 g) ethane, and 5.3% (~1.8 × 1010 g) propane 

(Reddy et al., 2012). The wellhead in situ low temperature (about 4 ºC), high pressure (~15 atm) 

together with the complex oil components with various physical and chemical properties would 

led to stratified oily layers in the water column (Figure 2). Primarily soluble mixture such as 

light alkanes were trapped in the deep ocean and formed hydrocarbon plume; insoluble, non-

volatile mixture (PAHs) were able migrate up to the sea surface, formed enormous oil slick; 

insoluble but volatile mixture such as some alkanes and aromatic compounds evaporated to the 

atmosphere (Ryerson et al., 2012). The surface slicks formed oily marine snow aggregates after a 

short period (Passow et al., 2012); part of these oil aggregates sank down to the seafloor after 

losing their buoyancy, dramatically changed the benthic environment dwells worms, deep sea 

coral, fish and other benthonic organisms. A large portion of surface oil was washed onshore of 

Louisiana, Mississippi, Alabama and Florida; the maximum extent of shoreline oiling involved 

almost 1,100 miles of shoreline (Ramseur & Hagerty, 2014). These environments where dwelled 

most of the released oil are tightly connected, however, their distinct physical, chemical, 
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geological and biological characteristics lead to different weathering processes and diversified 

residues. The complexity of oil components together with the Gulf currents matrix made it 

extremely hard to continuously track the transportation of the released oil and monitor its 

component change. 

 

Figure 2. Graphic depiction of Deepwater Horizon spill. Modified from Jack Cook, WHOI. 

Oil and gas in the deep ocean water column 

The DWH oil and gas leaked from a well 1500 m below the surface of the ocean, where 

the temperature is about 5ºC. The interplay of gas and oil in multiphase flow, preferential 

solubility of each oil constituent and other factors together formed a deep ñplumeò at depth of 
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1000 m to 1300 m (Camilli et al., 2010, Diercks et al., 2010, Hazen et al., 2010, Joye et al., 

2011). The first time that the deepwater plume was observed was during the May 2010 R/V 

Pelican cruise (May 9-16, 2010) (Diercks et al., 2010), where the equipped CDOM (color 

dissolved organic matter) sensor detected extremely high concentration of dissolved organic 

matter in the deep ocean, coincident with the dissolved oxygen (DO) anomaly at the same depth 

(Figure 3). After then, the plume had been reported in many other cruises from May to late June, 

2010. Pictures took by underwater camera clearly showed the specific plume layer was 

dramatically different by its milky color, presumably caused by the tiny crystals formed by light 

hydrocarbons at the in situ temperature and pressure. 

 

Figure 3.  CTD profile shows a plume at depth 1100 ï 1270 m with increased CDOM and 

decreased oxygen concentration. Pictures at right were taken by underwater camera, showing 
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morphology change of oil in the water column at various depths (Pics from Vernon Asper, RV 

Walton Smith, May 2010) 

The deep plume was comprised of dissolved hydrocarbons and small droplets of oil (less 

than a micron) (Ryerson et al., 2012). Although readily soluble hydrocarbons made up ~25% of 

the leaking mixture by mass, it made up ~69% of the deep plume mass (Ryerson et al., 2012). 

Most of the C1-C3 hydrocarbons and a significant fraction of the water-soluble aromatic 

compounds were retained in the plume layer, and methane (0.15 gg-1 of reconstituted fluid) was 

the largest portion of the gaseous phase retained in water (82.5% of the released gas phase) 

(Reddy et al., 2012). In contrast to other surface oil spills, only 0.01% of the methane injected 

into the water was released into the atmosphere (Ryerson et al., 2011), which indicated that most 

of the methane was retained in the water column. In May 2010, the average methane 

concentration was 1.7 µM southwest of the wellhead (Crespo-Medina et al., 2014). Besides 

methane, components of the deep hydrocarbon plume also included ethane, propane and light 

aromatic hydrocarbons, like benzene, toluene, ethylbenzene and total xylenes (referred to 

collectively as BTEX) (Reddy et al., 2012). Dissolved hydrocarbons were relatively depleted 

after a while, and then the initially less abundant soluble species accumulated in a relatively high 

ratio in the plume. The small oil droplets within the plume accounted for 13-43% of the whole 

plume mass initially transported in the deep ocean (Ryerson et al., 2012). 

The plume was moving southwest of the wellhead driven by the currents and the flow 

was tracked by CDOM concentration and DO anomaly by enormous CTD casts. Even after the 

wellhead was killed, there were still weak oxygen anomaly was observed hundreds miles away 

more than five months after the wellhead was killed (Figure 4 from Mission Guidance, NOAA, 

2010). Methane concentration decreased sharply from July to September 2010. Average methane 
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concentration from three cruises from late August to early September was 1.4 ± 2.0 nM, with the 

maximum concentration (20.4 nM) not exceeding ambient levels for the Gulf of Mexico (Kessler 

et al., 2011). In contrast, another study showed the August/September methane concentrations 

remained elevated throughout the water column at sites north of the Macondo wellhead (for 

  

Figure 4. Dissolved oxygen anomalies southwest to the wellhead in September. (Mission 

Guidance, NOAA 2010, unpublished)  

example, a 100nM methane anomaly was observed at MC118 at 650min September 2010) but 

not to the south/southwest, where low concentrations and low turnover rates of methane at plume 

depths (900 ~ 1,300 m) were observed, consistent with previously reported observations 

(Crespo-Medina et al., 2014). Other light hydrocarbon concentration were below detection 
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(Crespo-Medina et al., 2014).  According, the minimum dissolved oxygen concentration 

observed was 3.7 mg/L in late July; depressions ranged from 0.14 mg/L to3.7 mg/L below 

background (Zukunft, 2010). These DO depressions coincided with relative maxima in 

fluorescence profiles that were interpreted as proxies for hydrocarbons, and extended as far as 80 

km from the wellhead. The DO-removing potential in the deep plume was calculated as 0.041 ± 

0.008 moles of O2 per gram of hydrocarbon. About (3.5 ± 0.5) × 1010 moles O2 were consumed 

during the duration of the spill (Ryerson et al., 2012). However, as dissolved oxygen 

concentrations were not approaching hypoxic levels (<2.0 mg/L) and did not appear to be 

decreasing over time, their analysis indicated that hypoxic conditions would not occur in 

association with the deep dispersed plume (Zukunft, 2010). 

Beside the released oil, ~771,000 gallons of dispersant (Corexit 9527 and Corexit 9500) 

was directly applied at the broken riser pipe. It was the first time in history to inject dispersant in 

the deep ocean. The concentration of the anionic surfactant DOSS (dioctyl sodium 

sulfosuccinate, major component of Corexit complex) in subsurface samples did not exceed 40 

µg L -1 (Gray et al., 2014). By tracing DOSS throughout spill and post-spill time, Kujiawinski et 

al. showed that DOSS was restrained at the plume depth, transported and diluted conservatively 

as indicated by its concentration distribution, and it persisted more than 300 km from the 

wellhead, 64 days after deepwater dispersant applications ceased (Kujawinski et al., 2011). 

It is believed that biodegradation was the most important means in regulating the fate of 

hydrocarbons in the deep marine environment. Many studies confirmed that in the early stage 

(May to early June, 2010) the plume highly enriched a novel Oceanospirillales group, which 

constituted more than half of the bacteria community (Hazen et al., 2010, Redmond & Valentine, 

2011, Yang et al., 2014). Metagenomic data indicated the Oceanospirillales obtains genes 
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involved in cycloalkane degradation (Mason et al., 2012), presumably be the major group for 

degrading light alkanes in the plume. Other oil degraders, such as Colwellia, Marinobacter, and 

Cycloclasticus were found as well, but at much lower abundance. While the bacteria community 

structure changed in late June, Colwellia and Cycloclasticus became the dominant groups 

(Valentine et al., 2010). Interestingly, the primary drivers of microbial respiration (as measured 

in the deep plume in June 11-21, 2010) were propane (C3H8) and ethane (C2H6), instead of 

methane, which had extremely high concentration compared to other gases according to 

Valentineôs group (Valentine et al., 2010). Oxygen consumed by microbial consumption of 

propane and ethane accounted for 70% of the observed oxygen anomalies in the plume according 

to Valentine et al. (Valentine et al., 2010). Surprisingly, the peak of Methanotrophs was not 

detected in Valentineôs study even though the plume methane disappeared in a short time after 

the wellhead was capped. In contrast, another study showed in early May 2010 the measured 

methane-oxidation rates ranged from 0.014 to 502 nM d-1 and were highest in the deepwater 

plumes (Crespo-Medina et al., 2014). Methane-oxidation rates increased to maximal of 5,900 

nM d-1 in late May/early June, but dropped to tens to hundreds of nM d-1 in late June, although 

methane concentrations were still above background (tens of µM on average), and continued to 

drop to 3-5 nM d-1 when measured in December (Crespo-Medina et al., 2014). Putatively the 

plume methane was predominately consumed by a novel phylotype of Methanotrophs, together 

with canonical methanotrophs; since the peak in abundance of the pmoA (particulate methane 

monooxygenase) genes in May and early June corresponded to the maximum methane-oxidation 

rate (Crespo-Medina et al., 2014). These results were supported by the abundance of transcripts 

with homology to the novel pmoA sequence in the transcriptome of samples collected 

contemporaneously (Rivers et al., 2013). The specific metabolic capabilities of the new 
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phylotype of Methanotrophs is not known; the affinity for methane of the novel phylotype was 

assumed low, since methanotropic activity and pmoA gene abundance sharply declined during 

June/July together with the sudden decrease in methane concentration (Crespo-Medina et al., 

2014). In the results of another functional gene survey, pmoA and mmoX (soluble methane 

monooxygenase genes) were both found within plume and non-plume samples (Lu et al., 2012). 

For the fate of methane in the plume, Kessler et al. claimed that methanotrophic and 

methylotrophic gammaproteobacteria had consumed all dissolved methane from the Deepwater 

Horizon incident, as these two groups of bacteria were found in 16S rRNA clone libraries in their 

August to September water samples. Yet, the presence of these two bacterial groups can also be 

interpreted as evidence of bacterial consumption of high molecular weight dissolved organic 

matter (McCarren et al., 2010). Although naturally enriched inside plume, the conspicuous 

Oceanospirillales escaped from all tempt of pure culturing; novel species of traditional oil and 

gas consuming bacteria Colwellia, Marinobacter and Cycloclasticus were isolated from plume 

water under cool temperature (Baelum et al., 2012, Gutierrez et al., 2013, Gutierrez et al., 2013). 

For all the potential oil degraders, the question of which bacterial group was the most active 

degrader had remained open. Various metabolic genes involved both in aerobic and anaerobic oil 

degradation were found to be more abundant within the plume than outside the plume, indicating 

a whole microbial community response that was not limited to the novel Oceanospirillales (Lu et 

al., 2012). 

Biodegradation not only decreased the oxygen concentration, but would also consumed 

large amount of the main nutrients (e.g. nitrogen and phosphorus) and trace elements such as Fe, 

Cu, Mn etc. Nitrogen is essential to the growth of microbes; under circumstances of oil spill, the 

enormous carbon sources drive fast microbial reamplification, makes nitrogen as limiting 
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resource to the growth of bacteria (Yakimov et al., 2007). Those bacteria can utilize maximum 

amount of nitrogen using various strategies (storage, low threshold of nitrogen facilitation 

concentration, fast nitrogen turnover time) would survive and bloom (Yakimov et al., 2007). 

However, the NH4 concentration in the Gulf of Mexico water column slightly increased from ~ 1 

µM background level to dozens of µM on average during the spill period; no obvious change 

was observed in NOx and PO4 throughout the spill time (Crespo-Medina et al., 2014). Instead, 

nitrite reductase transcripts suggested that nitrite was a major source of N other than ammonium 

or nitrate in the plume microbial population (Rivers et al., 2013).  Since the main nutrients 

(nitrogen and phosphorus) were present in sufficiently high concentration in the plume, it is more 

likely that the trace elements (Fe, Cu etc.), virus lysis and the protest predators contribute to the 

decrease of the methanotrophs (Joung & Shiller, 2013, Crespo-Medina et al., 2014). 

Oil and gas in surface of ocean and air, and the oily marine snow 

As was first seen two days after the explosion of the Deepwater Horizon oil rig, the 

surface of the North Gulf of Mexico was heavily contaminated by insoluble and non-volatile 

surface slicks and oil sheen (Figure 5). The estimated area of surface slick (plus oil sheen) was 

about 1759 square miles (MacDonald, 2010). The amount of oil on the sea surface on May 17 

was between 129000 and 246000 barrels (Clark, 2010). Subsurface chemical data show that 

~31% of the leaking gas and oil was initially transported in the form of oil droplets up to surface 

of the ocean and the overlying atmosphere (Ryerson et al., 2011, Ryerson et al., 2012). A mean 

buoyant velocity calculated by Ryerson et al. was at least 0.05 m/s from the seafloor (1500 m), 

implying a mean vertical transport time of no more than 10 hours for insoluble oil droplets 

(millimeter-scale diameters) surfacing from the seafloor (Ryerson et al., 2012). In the surfacing 

mixture, about 14% were volatile or semivolatile and were capable of  reaching the surface, 
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where they evaporate from the slick within 1-2 d of surfacing (Ryerson et al., 2011, Ryerson et 

al., 2012); ~458000 kg/day hydrocarbons were evaporating from the ocean surface (Ryerson et 

al., 2011). n-C17, n-C16, n-C18, and n-C15 were the four most abundant hydrocarbons by mass 

in the initial surface slick; the four most abundant hydrocarbons by mass in the evaporating 

mixture were n-heptane, n-octane, n-nonane and methylcyclohexane (Ryerson et al., 2012). 

However, methane, ethane, and benzene, which were abundant in the deep plume, were not 

released into the atmosphere, indicating complete dissolution in the water column (McNutt et al., 

2011, Ryerson et al., 2011, Ryerson et al., 2012). Based on data from 10 June, 2010, the 

hydrocarbons released as surface slick and evaporating into overlying air were estimated as 1.0 ± 

0.5 and 0.46 ± 0.1 million kg/day, respectively, as shown in Figure 6. These surface slicks 

collected up to 240 km from the wellhead showed losses of compounds eluting earlier than n-

C13, consistent with evaporative loss (Aeppli et al., 2012). In addition, dissolution affected these 

early weathering-stage slicks as indicated by the depletion of naphthalene relative to C1-

naphthalene as compared to the oil directly from the wellhead; however, longer chain alkane 

degradation was not observed at that time as reflected by constant n-C18/phytane ratio (Aeppli et 

al., 2012). The total concentration of 30 PAHs decreased from 18 mg g-1 oil for the wellhead to 

7.7-13 mg g-1 oil for surface slicks, and smaller PAHs (e.g. naphthalene and phenanthrene) were 

depleted presumably due to their higher water solubility (Aeppli et al., 2012). 
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Figure 5. Surface oil slicks from May 2010 R/V Pelican cruise. (Credit: Luke McKay) 
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Figure 6. Evaporated hydrocarbon composition after 2 d (A; blue bars), surface oil slick 

composition after 2 d (B; black bars), and dissolved hydrocarbon composition (C; red bars). The 

leaking hydrocarbon composition from CH4 through n-C39 (black line) is shown in each panel 

for comparison. (D) Schematic (not to scale) of hydrocarbon mass flows in the marine 

environment; values are calculated for June 10, 2010, in millions of kilograms per day. From 

(Ryerson et al. 2012)  

Enhancing microbial petroleum degradation with dispersants is a major strategy for 

bioremediation. During the Deepwater Horizon oil spill, approximately 1.4 million gallons of 

dispersant were used at the surface, between May 15 and July 12 (from 

http://www.whitehouse.gov/blog/issues/ deepwater-bp-oil-spill ). Dispersants are a mixture of 

surfactants and hydrocarbon-based solvents (Kujawinski et al., 2011). Indeed, the primary 

function of dispersant is breaking big oil droplets into smaller ones to enlarge their surface areas, 

i.e. emulsification. By this means, dispersant helps microbes to attach to oil droplets for 

http://www.whitehouse.gov/blog/issues/%20deepwater-bp-oil-spill
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enzymatic biodegradation (Pavitran et al., 2006). However, in a lab microscopy experiment, 

researchers have found that the alkane degrader Alcanivorax tended to attach on the big oil 

droplets instead of smaller ones (Roman, 2014). Another study indicated that the dispersant 

increases the toxicity of crude oil to marine zooplankton (Almeda et al., 2014). Other than by 

dispersed, the surface slick can be weathered by wind, waves and solar irradiation (Council, 

2003). Burning was also a way to remove surface slick during the oil spill, with its obvious side 

effect of air pollution, and contribution to the extra particle organic matter input to the seafloor 

(Brooks et al., 2014).  

Previous study showed that the biodegradation of the Deepwater Horizon oil in the 

offshore oligtrophic surface water was largely enhanced by the oil input, although both chemical 

data and enzymatic evidence indicated that phosphate was scarce at the sampling region. No 

concomitant increase of microbial abundance or biomass was observed in the slick (Edwards et 

al., 2011). Studies of previous oil spill or lab experiments showed that bacteria belong to 

Cycloclasticus and Alcanivorax were dominant groups in oil contaminated sea water (Kasai et 

al., 2002a, Kasai et al., 2002b, Maruyama et al., 2003, Harayama et al., 2004). These groups 

most likely contributed to biodegradation in the surface oil slick. In the surface oil slick sampled 

in May 2010, Cycloclasticus dominated (> 90%) the slick bacterial community (Yang et al., 

2014); in comparison, the oil slick from June 2010 contained mostly Pseudoalteromonas in one 

sample, but Pseudomonas, Vibrio, Acinetobacter, and Alteromonas in another sample (Redmond 

& Valentine, 2012). The oil sheen samples collected in June 2010 contained Cyanobacteria and 

Alphaproteobacteria (SAR11 clade, Rhodobacterales, and Rhodospirillales), with just 15% of 

sequences affiliated with possible hydrocarbon degraders from the Alteromonadales and 

Oceanospirillales (Redmond & Valentine, 2012). Cycloclasticus and Colwellia were minority 



15 

groups (< 5%) in the June oil slick samples (Redmond & Valentine, 2012). In another study, 

although Alphaproteobacteria and Gammaproteobacteria were still the dominant groups in the 

oil slick derived from May 2010, the community composition differed from the results obtained 

by Redmond and Valentine (Liu & Liu, 2013), indicating the slick samples were not 

homogeneous and their composition changed over time. 

Large, mucous rich marine snow was observed floating at the surface in the immediate 

vicinity of oil layers near the wellhead area in May 2010; after one month, in late June, all GoM- 

snow had vanished from view (Passow et al., 2012). Therefore, the rapid sedimentation of the oil 

marine snow was hypothesized since an in situ underwater camera caught videos of the sinking 

particles (Arne R. Diercks & Vernon Asper, ROV video, May 2010 R/V Pelican cruise, 

unpublished data). Scientists believed that as much as one third of the oil may have been 

entrained with deep currents at depths of more than 1000 meters, contaminated sediment as deep 

currents moved it around and dragged it to the bottom of the Gulf of Mexico, as so called ñdirty 

blizzardò (Schrope, 2013). The estimated velocity of those sinking snow particles varies from 68 

to 543 m/day (Passow et al., 2012). Mixed together with the high nutrients, clay, minerals and 

low salinity river run-off from the Mississippi River and associated diversionary channels, the 

formation of oily marine snow was enhanced because of the stimulated phytoplankton growth by 

the nutrients and the increased snow aggregates by the mineral clays (MOSSFA-committee, 

2013). Pyrogenic PAHs and soot particles derived from oil burning contributed to the formation 

of marine snow as well; however the contribution of these particles to the snow particles are still 

under investigation (MOSSFA-committee, 2013). Sediment trap data showed very high 

particulate organic carbon (POC) in August 2010 and decreasing thereafter. The lithogenic (i.e., 

silts and clays) component constituted 85% of the settled material in sediment trap; planktonic 
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inputs of carbonates and organic carbon and terrestrially organic matter composed the other 

significant portions (MOSSFA-committee, 2013). The degraded or partially degraded oil and the 

left-over heavy oil after weathering and biodegradation sink into the deep ocean is essential to 

transit oil from surface to the seafloor as organic carbon source (DOC or POC) (Ziervogel et al., 

2012). 

Influence of the oil spill to the benthic environment 

The ñDirty Blizzardò theory was established based on both the observation of the oily 

marine snow aggregates and the recovery of sediment cores with weathered oily particles on the 

top layer (Schrope, 2013). Lab incubation experiments generated marine snow aggregates that 

had high hydrolysis rates  compare to the ambient seawater (Ziervogel et al., 2012). Does it 

mean that the oil can be fully degraded before the oil marine snow particles make their way to 

the bottom? In the Oceanus cruise (21 August to 16 September , 2010), Joye et al. reported they 

found that potential oil-entrained sediment extended from close to the wellhead to as far as 37 

miles southwest (Joye, 2011); on the top of the grey sediment, these sediment cores had an 

conspicuous red-brown surface layer inside which a lot of oil aggregates were found (Figure 7). 

Both visual and olfactory inspection indicated this top layer was contaminated by oil. In the 

Operational Science Advisory Team Report in 2010, oilКentrained sediments at a range of 3 km 

from the wellhead (mostly southwestern to the wellhead) were confirmed the DWH oil as their 

oil source (Zukunft, 2010) . Another cruise carried in December 2010 derived potentially oil 

contaminated sediment from northeast of the wellhead (Hollander et al., 2013, Brooks et al., 

2014). More of the oil-entrained sediment had been recovered from near the wellhead area 

repeating from subsequent cruises. The analysis of the red-brown surface sediment by GC/FID 

and GC/MS indicated that 19 out of 64 samples within 5 km of the wellhead contained higher 
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concentration of the total petroleum hydrocarbon (TPH) than EPA standard (Mason et al., 2014). 

These high TPH samples spread unevenly, without obvious geographical feature. The nitrogen 

concentration may explain their patchy distribution (Mason et al., 2014). One of the factors 

contributed to the complexity of the oily snow precipitation could be the re-suspension of the 

surficial sediment caused by the deep current of the Gulf of Mexico, However, the hypothesis 

cannot be proved since there is no model to mimic the deep current yet. 

 

Figure 7. An obvious fluffy, red-brownish surface layer was found in September 2010 sediment 

cores collected close to the wellhead. A closer look of this layer revealed large amount of oil 

aggregates. (From Mandy Joye and Arne Diercks) 

More support of the ñDirty Blizzardò theory was from isotopic data.  Fast sedimentation 

rate was indicated by high activity of Th234 detected in the surficial sediment derived from 2010 

(Brooks et al., 2014). Th234 is an isotope of thorium, with its half-time as short as 24.5 days. The 

normal sedimentation rate is a long-term process which leads to depletion of Th234 in sediment. 

In another word, only fast sedimentation process could preserve high activity of Th234. 

Coincidently, high 14C value were observed in the fluffy red-brown surficial sediment as well, 

manifested fast sedimentation happened to this surface layer in 2010 (Chanton, 2013). Excess 
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Th234 profiles reflect deposition of the 0.4-1.2 cm surface layer in a 4-5 month period in the late 

summer/fall of 2010, with higher mass accumulation rates (MARs) compared to average rates 

(past ~100 yrs). Using the same 234Th methodology, MARs have decreased over the two years 

following the event(Brooks et al., 2014). The red-brown color was considered derived from two 

sediment layers enriched manganese oxide. Between the Mn maxima, a layer with a modest 

enrichment of Re, consistent with reducing sediments was sandwiched (Hastings et al., 2014). 

The reducing condition in the surficial sediment is generally considered driven by 

microorganisms, which maybe correspondently been affect as well. A study showed several 

Alphaproteobacteria and Gammaproteobacteria group (especially a Colwellia taxon), previously 

been found in the plume water during the spill appeared again in the polluted sediment (Mason et 

al., 2014). Their metagenomic analysis indicated that nitrogen and hydrocarbons are the two 

main drivers to the community change in the polluted and non-polluted samples; the anaerobic 

process denitrification was very active as indicated by the annotated genes (Mason et al., 2014).  

Analyzing the 3 representative sediment samples from Mason et al.ôs collection by metagenomic 

sequencing, Kimes et al. found that two samples close to the wellhead contained high abundance 

of Deltaproteobacteria, especially the aromatic hydrocarbon degradation related anaerobic 

sulfate-reducing bacteria Desulfobacterales, Desulfovibrionales and Desulfuromonadales 

(Kimes et al., 2013). The genes encoding aliphatic and simple aromatic hydrocarbons were most 

abundant in the contaminated sediment bacterial community, implying that the large amount of 

PAHs were recalcitrant to biodegradation and their persistence could have long-term impacts on 

the Gulf of Mexico seafloor (Mason et al., 2014). In other study analyzing two sediments 

collected one year after the spill (Liu & Liu, 2013), however, had different dominant bacterial 

groups compare to the two studies above. In Liu & Liuôs results, methanotrophs, Pseudomonas, 
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Vibrio, Flavobacteria and Acidobacteria were dominant in the 0ï2-cm surface sediments. The 

differences between studies indicate that the oil impact to the seafloor was patchy and locally 

divergent; sediment bacterial community response to the oil input needs more detailed work. 

The oil fallout seriously impacted the benthic macro-organisms as well. The redox 

condition change was the presumable reason for a community-wide decrease in benthic 

foraminifera (Hastings et al., 2014). Reductions in abundance and diversity of the benthic macro-

fauna was observed in a distance of 3 km to the wellhead, with moderate impacts detected to as 

far as 17 km to the southwest and 8.5 km to the northeast of the wellhead (MOSSFA-committee, 

2013). These impacts correlated to the observed elevated TPH, PAH, and barium concentrations 

and the distance to wellhead (MOSSFA-committee, 2013). Deep sea coral suffered the oil fallout 

as well: at one site 13 km southwest of the wellhead, coral community covered by brown flocs 

presented wide spread signs of stress, including tissue loss, sclerite enlargement, excess mucous 

production and bleached commensal ophiuroids (White et al., 2012). A more recent study found 

two other coral communities which were further away also been impacted by the spill (Fisher et 

al., 2014). Other potential impact of the settled oil to deep sea fish and other organisms were also 

detected, as reported in the 2014 GOMRI meeting. 

Oil transported to beach, salt marshes 

Gulf of Mexico coastal habitats generates more than $10 billion per year in revenues by 

fisheries and tourism (Silliman et al., 2012). However, approximately 9 ± 4 × 107 kg of the 

surface oil was transported to the beaches and salt marshes shoreline of Alabama, Louisiana, 

Florida and Mississippi, polluted ~ 1,100 miles of shoreline (Ramseur & Hagerty, 2014). The 

beaches were closed in early June, as of December 2012, 339 miles of coastline remain subject to 

evaluation and/or cleanup operations (Ramseur & Hagerty, 2014), largely damaged the fisheries 
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and tourism. Partially weathered tar balls and oil aggregates were found on the beaches starting 

in June, and were buried to depth by newly arrived sands in a short time. For example, the 

tarballs and tar mats began washing ashore around June 23 in Pensacola beach; in early July, oil 

patties and tarballs were discovered as deep as 0.6 m (National Geographic report, July 2, 2010). 

The sand patty and rock scrapping collected from oiled beaches between July 2010 and 

November 2011 showed extensive biodegradation, as indicated by much less resolvable alkanes, 

and lower n-C18/phytane values than the sea surface oil slick from June 2010 (2.1 vs. 2.5) 

(Aeppli et al., 2012). The total concentration of 30 PAHs decreased further from 7.7-13 mg g-1 

oil for surface slicks, to 0.6-2.8 mg g-1 extractable material for sand patties and rock scrapings 

(Aeppli et al., 2012). PAH losses calculated by normalization to hopane were 83-98% for sand 

patties and 93% for the rock scraping (Aeppli et al., 2012). In the meanwhile, the operationally 

defined oxygenated fractions increased significantly in sand patties and rock scrapings, another 

evidence for intensive biodegradation (Aeppli et al., 2012). Microbial community survey showed 

bloom of bacterial abundance (predominately by Gamm- and Alphaproteobacteria) in oiled 

sands, especially the alkane and aliphatic compounds degrader Alcanivorax and Marinobacter 

(Kostka et al., 2011). Thanks to the vegetation from the marsh edge, only the outer marsh 

regions were impacted by oil (within 15 m from the marsh edge), where levels of total PAHs in 

the polluted sediment was >100 times higher than intact sediment. However, high portion of 

plant in this region were dead (36%-95%) (Silliman et al., 2012). Heavier fractions were 

resistant in marsh sediments, contrast to the lighter hydrocarbons that were rapidly degraded by 

known hydrocarbon degrading bacteria such as Rhodobacterales and Sphingomonadales, as well 

as high abundance of sulfate reducing bacteria  coincident with the high level sulfite 

concentration (Natter et al., 2012). There is evidence showing oil in the water column entered the 
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food web as carbon, however, more careful studies are required before connect the oil to the spill 

oil from the Macondo wellhead (Chanton, 2013). 

As demonstrated above, study the Gulf of Mexico oil spill and its effect to the ecosystem 

is a hard task, since the residue oil interacts with various environments not only tightly influence 

each other but also has complex features individually. Because microbial mediated 

biodegradation is the only way to transform oil-derived hydrocarbons into biomass or 

remineralize them to CO2, an essential part to understand the fate of the released oil is to study 

the dynamics of microorganisms in the oil polluted environments. My dissertation focuses on the 

microbial community structure affected by the released oil both in water column and in seafloor 

sediment, trying to understand the successional change of microbial community and establish 

hypothesis for the biodegradation occurred throughout the spill event by this long term study 

based on the time series samples taken before, during and after the oil spill, both from water 

column and sediment. 
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CHAPTER 1:  PULSED BLOOMS AND PERSISTENT OIL -DEGRADING BACTERIAL 

POPULATIONS IN T HE WATER COLUMN DURING AND AFTER THE 

DEEPWATER HORIZON BLOWOUT 1 

 

1.1 Abstract 

One of the defining features of the Deepwater Horizon oil spill was the rapid formation 

and persistence of a hydrocarbon plume in deep water. Here we use 16S rRNA gene clone 

libraries and pyrosequencing of 16S rRNA gene fragments to outline the temporal dynamics of 

the bacterial community in the water column near the Macondo wellhead. Our timeline starts 

with the pre-spill (March 2010) status of the water column bacterial community, continues 

through the bacterial enrichments dominating the hydrocarbon plume after the blowout (DWH 

Oceanospirillales, Cycloclasticus, Colwellia) in late May 2010), and leads towards post-spill 

bacterial communities with molecular signatures related to degradation of phytoplankton pulses 

(September and October 2010; July 2011) in the water column near the Macondo wellhead. We 

document a dramatic transition as the complex bacterial community before the oil spill was 

temporarily overwhelmed by a few specialized bacterial groups responding to the massive influx 

of hydrocarbons in May 2010. In September and October 2010, this bacterial bloom had been 

replaced by a diversified bacterial community which resembled its predecessor prior to the spill. 

                                                        
1 This chapter was previously published as an article in Deep Sea Research Part II: Topical Studies in 

Oceanography. The original citation is as follow: Tingting Yang, Lisa M. Nigro, Tony Gutierrez, Lindsay 

D A˼mbrosio, Samantha B. Joye, Raymond Highsmith, Andreas Teske, Pulsed blooms and persistent oil-degrading 

bacterial populations in the water column during and after the Deepwater Horizon blowout, Deep Sea Research Part 

II: Topical Studies in Oceanography, Available online 23 January 2014, ISSN 0967-0645, 

http://dx.doi.org/10.1016/j.dsr2.2014.01.014. 

 






















































































































































































































































